Toll-like receptor 1, when dimerized with Toll-like receptor 2, is a cell surface receptor that, upon recognition of bacterial lipoproteins, activates the innate immune system. Variants in TLR1 associate with the risk of a variety of medical conditions and diseases, including sepsis, leprosy, tuberculosis, and others. The foremost of these is rs5743618 c.2079T4G(p. (Ile602Ser)), the derived allele of which is associated with reduced risk of sepsis, leprosy, and other diseases. Interestingly, 602Ser, which shows signatures of selection, inhibits TLR1 surface trafficking and subsequent activation of NFjB upon recognition of a ligand. This suggests that reduced TLR1 activity may be beneficial for human health. To better understand TLR1 variation and its link to human health, we have typed all 7 high-frequency missense variants (45% in at least one population) along with 17 other variants in and around TLR1 in 2548 individuals from 56 populations from around the globe. We have also found additional signatures of selection on missense variants not associated with rs5743618, suggesting that there may be multiple functional alleles under positive selection in this gene.
INTRODUCTION
Toll-like receptors (TLRs) are a series of surface receptors that have a critical role in innate immunity. [1] [2] [3] Toll was originally identified in Drosophila as a developmental gene and later as being involved in immune response to fungal infection. 4 Later, TLRs, 10 of which are found in humans, were found to detect both Gram-negative and Gram-positive bacteria as well as viral nucleic acids, identifying them as critical component of the innate immune system. 5, 6 Studies have found evidence of significant TLR family adaptation and selection in primates and other mammals, 7, 8 as well as evidence of significant TLR1 evolution along the vertebrate lineage. 9 Considerable population-stratified variation exists in human TLR genes, possibly contributing to disease response. [10] [11] [12] TLR1, when in a heterodimer with TLR2, recognizes a variety of triacylated lipoproteins, 11 as well as other lipoproteins, and specific recognition targets include M. leprae, M. tuberculosis, Borrelia species, and a variety of fungal pathogens. 10, [12] [13] [14] [15] [16] [17] [18] Activation of the TLR1-TLR2 heterodimer is not always beneficial to the organism, as multiple studies have found that derived alleles at some SNPs inhibit TLR1 activity and reduce the risk of sepsis, leprosy, prostate cancer, pelvic inflammatory disease, and tuberculosis. [19] [20] [21] [22] [23] [24] [25] [26] [27] The foremost of these is rs5743618, whose derived allele c.2079T4G (p.(Ile602Ser)) reduces surface trafficking of the TLR1-TLR2 heterodimer, 28 resulting in a reduced response to heterodimer antagonists and, in turn, reduced activation of the NFkB pathway. 29 This phenotype is especially evident in the homozygous derived state. 28 There exists, however, considerable genetic diversity in TLR1 beyond rs5743618, including multiple, high-frequency (45% in at least one population) missense variants. Multiple SNPs, such as rs4833095, rs3923647, and rs5743613, have direct evidence suggesting an effect on TLR1 activity, 30 whereas others have been linked through association studies. 22, 27, 31, 32 There is evidence that some of these alleles may be under selective pressure. 29 We have typed all seven high-frequency (45% in at least one population) missense variants in 2548 individuals from 56 populations from around the globe. These missense variants include rs5743618, which has not been typed before in a large panel of populations. In addition to typing these variants, we have examined the evolution of the core exonal haplotype and searched for signatures of selection via relative extended haplotype homozygosity (REHH), 33 integrated haplotype score (iHS), 34 and Wright's Fst. 35 We suggest, based on our results regarding haplotype structure and selection in concert with the conclusions of various association studies, that there is an additional functional variation at the TLR1 locus that has yet to be discovered or fully characterized.
METHODS Genotyping
Twenty-four SNPs (Supplementary Table S1 ) in 2548 individuals from 56 populations were genotyped (Supplementary Table S2 ) using Applied Biosystems Taqman assays (Applied Biosystems, Foster City, CA, USA) using 50-100 ng of genomic DNA per well. Manufacturer's protocol was followed excepting that 3 ml rather than 5 ml of master mix was used. SNP typing results were analyzed via the ABI Prism Sequence Detection System (Applied Biosystems). Table 1 lists the missense SNPs with SIFT, 36 Grantham, 37 PhastCons, 38 and Fst 35 scores. Positions of each SNP are given as per RefSeq NM_003263.3.
Genomic DNA used in these assays was collected from lymphoblastoid cell lines established and/or grown in the laboratory of Kenneth and Judith Kidd.
Cell lines were established from human samples collected from normal, apparently healthy adults, with informed consent under protocols approved by government and institutional human subject agencies of all countries involved.
Haplotype structure
Haplotypes were constructed using PHASE, 39 HAPLO, 40 and MaCH 1.06. 41 Data sets used for figures and REHH testing were produced using HAPLO. The extended data set used for iHS testing was produced using fastPHASE. MaCH and PHASE were also used to validate HAPLO results.
Linkage disequilibrium
Linkage disequilibrium was determined by calculating r 2 (D 2 in Devlin and Risch 42 ; Supplementary Table S3 ) on all populations grouped by region (Supplementary Table S2 ). Regions of high LD for adjacent SNPs in individual populations are displayed by population via HAPLOT 43 (Supplementary Figure S1 ).
Selection testing
For the purposes of selection testing, we used REHH, 33 iHS, 34 and Wright's Fst. 35 REHH and iHS are metrics based on relative probability of identity by descent measured outward from alleles at a central SNP or haplotype. REHH is more sensitive to selection as it measures the maximum relative value, whereas iHS is more stringent. High Fst values may indicate unusual variance of allele frequencies for a given SNP across a set of populations.
For REHH, populations were grouped by region ( Supplementary Table S2 ) so that sample size would be sufficient for selection testing. REHH was then calculated on all polymorphisms with 410% frequency in a group. Populations with haplotype evidence of admixture and regions with insufficient individuals were excluded from this analysis.
An extended data set of 196 SNPs (Supplementary Table S4 ) previously typed on 506 individuals from 15 populations 44 (Supplementary Table S5 ) was used to test rs5743618 and rs4833095 for selection in the Middle East, Europe, and East Asia. Insufficient individuals were present in the Pacific Islands group to test rs5743612 for selection.
Scores from REHH and iHS were tested against scores from a matched data set consisting of 1000 simulated populations created under the Wright-Fisher neutral model using Hudson's mksamples (ms). 45 Parameters were constant population size, 0.0001 mutation rate, and 1.12 cM/Mb recombination rate based on the Chr 4 average. 46 Actual REHH values were then plotted versus simulated REHH values. Actual REHH values exceeding the simulated 95% confidence interval were deemed potentially significant.
Fst was calculated for each missense variant using the Wright definition 35 and compared with values calculated from 369 neutral biallelic markers in a similar cohort. 47 
Evolution of the core exonal haplotype
For the core haplotype, we considered the seven high-frequency (45% in at least one population) missense variants plus the silent variant rs5743614, c.1792G4A in the exon of TLR1. For rs5743614, even though the 'G' allele is listed as ancestral in dbSNP Build 138, the 'A' allele is supported as being ancestral by the majority of current primate genome assemblies. 48 Of the two haplotypes consisting of the ancestral alleles of the seven nonsynonymous SNPs (CTACAGCG and CTGCAGCG) surrounding rs5743614 (the third position), the G allele haplotype is found on only 125 chromosomes, whereas A allele haplotype was found on 2302 chromosomes. It remains possible that the rs5743614 is ancestrally variable. Haplotypes were plotted outward from the ancestral haplotype in a stepwise fashion.
RESULTS

Frequency of missense alleles
All missense alleles with a previously characterized frequency (45%) as per 1000 Genomes (www.1000genomes.org), HapMap (www.hapmap.org), and the Human Genome Diversity Project (http://hagsc.org/hgdp/files.html) were analyzed in 2607 individuals (Supplementary Table S2 ) using ABI Taqman assays. Global frequencies are given in all 56 populations in Figure 1 and Supplementary Table S6. Haplotype structure is described in Figure 2 . Allele frequencies and sample sizes for all TLR1 gene region SNPs in the current study have been contributed to the ALlele FRequency Database (http://alfred.med.yale.edu) along with the haplotype frequencies underlying Figure 2 . 44 Evolution of the core TLR1 haplotype All core TLR1 haplotypes present on 420 chromosomes globally were successfully plotted in a stepwise manner from the ancestral haplotype ( Figure 3 ). Of interest for selection testing is the 'B' path per Figure 3 , where haplotypes containing the derived alleles of rs4833095, rs5743618, and rs5743611 sequentially evolved from the ancestral. Of these, rs4833095 is the only SNP that can be tested for selection independently, as it was the first to evolve and a haplotype containing its derived allele appears in multiple regions without the derived alleles of the other two. Although the derived allele of rs5743618 is only found on haplotypes with rs4833095's derived allele, its high frequency does make it possible to look for an additive effect in selection testing. The derived allele of rs5743611, c.513G4C(p.(Arg80Thr)) only appears on haplotypes with the derived alleles of rs4833095 and rs5743618, and thus could produce no truly unique signature of selection. The derived allele of SNP 57435612, c.626C4T(p.His118Thr), appears only on the 'C' haplotype, where it is most commonly found in India and the Pacific Islands, and thus produces selection scores independent from other tested alleles. 
Selection at rs5743618
The derived allele at the missense SNP rs5743618, c.2079T4G (p.(Ile602Ser)), occurs at high frequencies in Europe and lowto-moderate frequencies in some parts of the Middle East and is at low frequencies in the rest of the world. REHH indicates a weak signature of positive selection in both Europe (Supplementary Figure  S2A) and the Middle East (Supplementary Figure S2B; 2.015 and 4.329, respectively). Both of these scores are above the 95% confidence interval, but still within the range of simulated neutral values. In addition, its Fst was 0.47, the highest of any missense SNP Figure 2 Haplotype structure for the seven common missense variants at TLR1. The most common global haplotype is CTCAGCG, which is also the ancestral haplotype. Haplotypes containing the derived allele of rs4833095, the SNP with the highest global heterozygosity, are indicated with warm colors.
Haplotypes with the ancestral allele of rs4833095 are indicated using cool colors. Of interest to selection tests is the green haplotype, CTCAGTG. The green haplotype is the only haplotype that contains the derived allele of rs5743612, but it lacks the derived allele of rs4833095. The derived alleles of both rs5743612 and rs4833095 were found to be under selection in the Pacific Islanders, but their separate haplotypes suggest their high REHH values are two distinct signals. in this study and well above the mean neutral Fst of 0.136 (SD ¼ 0.068). SNP rs5743618 was not significant by iHS score (Supplementary Figures S5A, B ).
Selection at rs4833095 SNP rs4833095, c.1017G4A (p. (Ser248Asn) ), has the highest global heterozygosity of any TLR1 missense polymorphism. The derived allele is common in all regions of the world, with derived allele frequencies ranging from B10% in most African populations to over 85% in some European populations. The possibility that this allele is under selection was tested using REHH. Two population groups, East Asia (Supplementary Figure S3A) and India (Supplementary Figure  S3B) , showed strong evidence of selection with REHH values (4.235 and 5.716, respectively) falling clearly outside the 95% confidence interval of the simulated data set. Two other populations groups, the Pacific Islanders (Supplementary Figure S3C) and the Middle Eastern (Supplementary Figure S3D) group, had lower scores (4.044 and 3.141, respectively) and derived allele frequencies that fell outside the 95% confidence interval but were within the range of noise produced by the simulated data set. In other population groups, the derived allele at rs4833095 either failed to show significant evidence of selection or the REHH values barely crossed the 95% confidence interval. In no population did rs4833095 produce a significant iHS score (Supplementary Figure S5A ,B,C). Its overall Fst, 0.206, was not significant.
Selection at rs5743612
The derived allele of rs5743612, c.626C4T(p.(His118Tyr)), is rare or nonexistent in most global populations. The exception to this is some Pacific Islander populations in whom its frequency is B30%. The derived allele at rs5743612 has a maximum REHH score of 5.999 in Pacific Islanders (Supplementary Figure S4A) . The REHH score was also found to be climbing at the extremes of the tested SNP range, raising the possibility that the actual REHH for the derived allele of rs5743612 is even higher (Supplementary Figure S4B) . The only other common missense allele (for rs4833095) had an REHH score of 4.044. The frequencies for the derived alleles of these two SNPs are similar as well (B25%); however, the LD between them is low (0.2). An analysis of haplotype structure reveals that the derived alleles of rs5743612 and rs4833095 appear on different haplotypes (Figure 2 ). The size of the Pacific Islander population in the extended data set was under 50 individuals, and thus it could not be effectively tested by iHS. Its global Fst of 0.168 was not significant, as it falls in under one standard deviation (0.068) of the neutral mean (0.136).
Previously detected signatures of selection
In addition to selection being detected on rs5743618, 29 c.2079T4G (p.(Ile602Ser)), positive selection has previously been detected at TLR1 on one intergenic and two intronic SNPs, rs5743595, rs5743565, and rs5743557, via a composite methodology. 49 To investigate if their signal of selection could be attributed to a TLR1 missense allele we detected selection on, we determined the global haplotype structure of these six alleles (Supplementary Figure S6) . In no population was a common haplotype (45%) typed that contains both the three Grossman-derived alleles and any of the derived alleles we detected selection on. Outlier populations are populations whose haplotype structure differed from other populations in their region, or whose numbers were insufficient for independent study as a region. These include the Ashkenazi, Komi Zyrian, Khanty, and Yakut.
DISCUSSION
Distribution and positive selection on missense variants at TLR1
The TLR1-TLR2 heterodimer recognizes a variety of triacylated lipoproteins and, when bound, activates the innate immune system; however, polymorphisms inhibiting its activity may actually be beneficial to the host for several reasons. There is evidence that leprosy hijacks the TLR1-TLR2 dimer to cause infection. 14, 21, 25, 26 Reduced TLR1 activity has also been shown to result in a reduced risk of sepsis. 19, 20 TLR1-derived alleles have also been linked to a variety of other diseases including placental malaria, IgA nephropathy, and invasive aspergillosis. 18, 31, 50 Positive selection and distribution at rs5743618 This study represents the first global typing in a large panel of welldefined populations of rs5743618, c.2079T4G (p. (Ile602Ser) ), a missense polymorphism in TLR1 that inhibits the surface trafficking of the TLR1-TLR2 dimer. 28 It has previously been identified as being common among European populations as well as in one Turkish cohort, but rare or virtually absent elsewhere. 25, 26, 29 We have better characterized its distribution in European and Middle Eastern populations, as well as in Native American and African-American individuals where its presence is likely due to European admixture. Of the SNPs tested for selection, only rs5743618 had been previously identified as a target of selection. 29 The biological evidence strongly supports the amino-acid change resulting from the derived variant being functional. 28 Reporter assays testing NFkB expression in HepG2 cells using constitutively expressed TLR1 constructs with the ancestral and the derived states of c.2079T4G(p. (Ile602Ser) ) have shown that 602Ser results in reduced NFkB activation. 29 Further studies using fluorescent constructs have shown this is likely a result of reduced surface trafficking. 28 Positive selection and distribution of rs4833095 Of the TLR1 amino-acid missense variants, the one with the highest global heterozygosity is rs4833095, c.1017G4A(p.(Ser428Asn)). In African populations, the derived allele has frequencies of o20% in most populations, but elsewhere in the world it tends to be around 50% in frequency, with frequencies over 80% in some European and Native American populations. It has the second highest SIFT score (0.53) and the lowest Grantham score 48 of any substitution in TLR1, although its Grantham score 48 is nonetheless above what is considered modest or negligible. 37 The presence of rs4833095 in a lowcomplexity domain of TLR1 may support it having a phenotypic effect, but the conservation score of the actual site is very low at 0.013. In addition, previous studies involving TLR1 constructs with both states of the amino-acid substitution, serine and asparagine, have produced mixed results regarding functionality. 29, 30 We tested the derived allele at rs4833095 for positive selection using REHH in all global populations. In India and East Asia, and to a lesser degree in the Pacific Islands and the Middle East, it achieved significance by REHH but not with iHS. In the Middle East, evidence of selection can be dismissed as a result of it being in LD with rs5743618; however, in all other regions it is not in LD with any known missense variant.
The derived allele has mixed evidence indicating it may reduce TLR1 activity. 29, 30 In addition, it has been linked to disease risk in populations where the derived allele of rs5743618 is 45% frequency, such as IgA nephropathy in Koreans 50 and placental malaria in Ghanians. 31 This, at the very least, suggests a phenotypic effect on a variant linked to rs4833095 independent of rs5746318, if not rs4833095 itself.
Positive selection and distribution of rs5743612
The derived allele of rs5743612, c.626C4T(p. (His118Tyr) ), is present at frequencies above 40% in some Pacific Islander populations. Outside of the Pacific Islanders, it is rare with frequencies of 25.7% in the Mbuti and 17.5% in the Thoti, and lower frequencies in other African and Indian populations. It was absent in Europe and at low frequency (o5%) in East Asians. Its phastCons score (0.915) indicates it is in a conserved region of a leucine-rich repeat. The substitution is from a basic amino acid (histidine) to a neutral polar amino acid (tyrosine).
The only world region where the derived allele of rs5743612 was frequent enough to be tested for selection was the Pacific Islanders, where it was found to be significant with a REHH score of 5.999. This score was increasing at the fringe of our tested chromosomal region, indicating that the actual score may be even higher. Although the Pacific Islanders also showed significant REHH scores on rs4833095, a detailed analysis of haplotype structure reveals that the derived alleles of each appear on different haplotypes ( Figure 2 ) and would not confer an effect on each other. Thus, it is possible that both rs4833095 and rs5743612 contribute toward a beneficial phenotype, or neither contributes toward a beneficial phenotype but both are associated with a variant that does via linkage disequilibrium. Table 1 ). All, save rs76796448 are also located in known protein motifs. Most interestingly, the aminoacid substitution resulting from the derived allele of rs3923647 results in a modest loss of TLR1 activity as measured by luciferase assay. 30 Of these, only rs5743511 was at a high enough frequency to test for selection but could not produce a separate signal from rs5743618 or rs4833095.
Reconciliation with previous studies
The sites we found to be under selection do not agree with the results of Grossman et al. 49 Their composite method identified selection on the derived alleles of three SNPs, rs5743595, rs5743565, and rs5743557. Two of these SNPs are intronic and one is upstream of the TSS. We found that the haplotype formed by these three alleles was not associated with any of our proposed derived alleles under selection. SNP rs5743618 is not typed in the HapMap and thus was not tested for selection in the Grossman study. Although the HapMap data set 51 does contain rs5743612, it does not include any populations from the Pacific Islands, where we found signatures of selection. The derived allele of rs4833095 is present in many of their populations at reasonable frequencies and selection was not detected upon it. Our larger population sizes and more diverse data set may explain this.
One concern is how multiple haplotypes under selection may affect the results of the identity-by-descent selection tests (REHH and iHS).
Both rely on the assumption that measured sites will have a neutral allele. If multiple haplotypes are under selection at a locus, the absolute scores of both alleles will be increased. This reduces relative scores and testing sensitivity. This may, in part, explain why rs5743618 obtained only modest scores in spite of strong biological evidence for selection.
CONCLUSIONS
The main goal of this study was to add a global perspective to our knowledge of variation at TLR1, a gene previously associated with the risk of leprosy, sepsis, and other diseases. 20, 21, 50 Including many populations from the major geographical regions around the world has helped highlight the diversity of TLR1 haplotypes that have evolved and the different frequency patterns they display across the globe. Possible future directions for study include a focused search for regulatory variation as well as functional study of rs5743612. Expanding the human populations genotyped will also assist in proper extrapolation of disease association studies at this locus.
The primary site of interest was rs5743618, a functional amino-acid change believed to directly affect sepsis risk. 20, 28 This substitution has never before been studied in a major panel of diverse, defined populations, in part perhaps because typing is complicated by the region around it being a duplication of a region in TLR6.
Alongside rs5743618, rs4833095 and rs5743612 were also found to have signatures of selection. While neither rs4833095 nor rs5743612 can be definitively ruled as being a target of selection, they nonetheless indicate the presence of selection in populations outside of Europe and the Middle East-the only regions where rs5743618 is present at high frequencies. This, in combination with association studies at TLR1 suggests that there is functional variation at TLR1 beyond rs5743618.
That three distinct haplotypes would be found to be under selection in a single gene would normally give pause, as the traditional model of molecular evolution is that most nonsynonymous changes are neutral or deleterious rather than beneficial. 52 The simplifying explanation is that all of these polymorphisms are in strong LD with an uncharacterized regulatory variant. However, reduced TLR1 function decreases the risk of sepsis, 19, 20 leprosy, 21, 22, 25, 26, 28 tuberculosis, 13, 27 and other diseases. 18, 31, 50 Thus, variants that disrupt the function of TLR1 may be beneficial to the survival of the organism. Combined with the view that over time and place human populations have experienced rather different disease vector environments, which have interacted with the divergent genetic profiles present in those human populations, our data support the conclusion that multiple 'beneficial' amino-acid substitutions have arisen at TLR1.
